P atient registration based on preoperative images has become standard practice in open cranial neurosurgery to provide intraoperative navigation. It defines a transformation between the patient's head in the operating room (OR) and the preoperative (typically MR) images, based on which surgical instruments (e.g., a stylus probe or a surgical microscope) can be optically tracked and coregistered with the MR images. The locations of these surgical tools and their orientations can then be displayed relative to the MR images in real time to provide abbreviatioNs 3DUS = 3D ultrasound; AC = anterior commissure; FBR = fiducial-based registration; FDE = fiducial distance error; FLR = fiducial-less registration; FRE = fiducial registration error; OR = operating room; PC = posterior commissure; pMR = preoperative MR images; SBR = surface-based registration; TRE = target registration error. methods In 32 surgical patients who underwent conventional FBR, preoperative T1-weighted MR images (pMR) with attached fiducial markers were acquired prior to surgery. After craniotomy but before dural opening, a set of 3DUS images of the brain volume was acquired. A 2-step registration process was executed immediately after image acquisition: 1) the cortical surfaces from pMR and 3DUS were segmented, and a multistart sum-of-squared-intensity-difference registration was executed to find an initial alignment between down-sampled binary pMR and 3DUS volumes; and 2) the alignment was further refined by a mutual information-based registration between full-resolution grayscale pMR and 3DUS images, and a patient-to-image transformation was subsequently extracted. results To assess the accuracy of the FLR technique, the following were quantified: 1) the fiducial distance error (FDE); and 2) the target registration error (TRE) at anterior commissure and posterior commissure locations; these were compared with conventional FBR. The results showed that although the average FDE (6.42 ± 2.05 mm) was higher than the fiducial registration error (FRE) from FBR (3.42 ± 1.37 mm), the overall TRE of FLR (2.51 ± 0.93 mm) was lower than that of FBR (5.48 ± 1.81 mm). The results agreed with the intent of the 2 registration techniques: FBR is designed to minimize the FRE, whereas FLR is designed to optimize feature alignment and hence minimize TRE. The overall computational cost of FLR was approximately 4-5 minutes and minimal user interaction was required. coNclusioNs Because the FLR method directly registers 3DUS with MR by matching internal image features, it proved to be more accurate than FBR in terms of TRE in the 32 patients evaluated in this study. The overall efficiency of FLR in terms of the time and personnel involved is also improved relative to FBR in the operating room, and the method does not require additional image scans immediately prior to surgery. The performance of FLR and these results suggest potential for broad clinical application.
intraoperative navigational guidance for the surgeon. The accuracy of patient registration is, therefore, crucial to the surgical use of the navigation that is provided. The efficiency and robustness of the technique are equally important because they influence the workflow inside and outside the OR, as well as the associated health care costs.
Various methods have been developed to find an accurate patient-to-image transformation in neurosurgery, among which fiducial-based registration (FBR) is widely used for patient registration. Although skull-affixed fiducial markers provide higher accuracy (within 1 mm), 23 markers attached to the skin are typically used because they have practical convenience and acceptable accuracy. Specifically, a set of MR-compatible, skin-affixed fiducial markers (typically [10] [11] [12] ) is attached to the patient's scalp prior to MR acquisition. These markers are identified in the OR and matched with their counterparts in the preoperative MR images (pMR). However, FBR requires time and personnel resources, both before and at the time of surgery. Before surgery, personnel and expertise are needed 1) to attach the fiducial markers because their placement influences accuracy, 30 and 2) to acquire the appropriate scan sequences with the markers attached (despite the availability of diagnostic scans previously acquired, which are usually available). At the time of surgery, personnel and expertise are needed to identify the markers with a digitizing stylus in the OR, and sometimes multiple repetitions are required to achieve an acceptable registration accuracy. The overall accuracy of FBR is typically 2-5 mm (as measured by fiducial registration error [FRE] 8 ), but it can be compromised by marker movement (e.g., from skin movement). More importantly, because point-pair matching algorithms developed for FBR are designed to minimize the FRE, the target registration error (TRE) in the region of surgical interest, either on the cortical surface or deeper inside the brain, can be ≥ 5 mm.
2,24
To improve the efficiency and accuracy of patient registration, techniques that do not use fiducial markers have been developed. For example, surface-based registration (SBR) matches digitized curvature of the head with its counterpart in the image scans instead of fiducial markers, with either a continuously tracked stylus probe 9, 13 or laser range scanning. 28 The accuracy of extracranial SBR (based on external facial or forehead curvature) is reported to be comparable with FBR in terms of TRE.
2 Although the accuracy can be further improved by intraoperative reregistration using the cortical surface (e.g., acquired by a laser range scanner 2, 24 or stereovision 6 ) or the brain volume (e.g., acquired by ultrasound ), these intraoperative reregistration methods still require an initial alignment achieved by some form of patient registration, and thus they have not replaced patient registration.
Ji et al. reported an image-based fiducial-less registration (FLR) technique to register a true volumetric 3D ultrasound (3DUS) acquisition directly with the MR scans. This establishes the patient registration transformation between OR and image space without incorporating any prior information on the location of craniotomy, patient head position, or location and orientation of the US scan head in relation to the brain. 17 The purpose of Ji et al.'s study was to develop and describe the overall technique, implement the associated algorithms and compare the FRE accuracy, and capture ranges and computational efficiencies of different approaches, e.g., using mutual information versus correlation ratio as the image similarity metric. Data from 10 surgical cases were evaluated but the FLRs were performed retrospectively, with a computational efficiency of 10-15 minutes, and the technique was not optimized for intraoperative use. In addition, the accuracy of the FLR was not fully evaluated; given the proof-of-principle nature of the study, only fiducial distance error (FDE) was reported. No effort was made to assess the TRE of the approach.
In this paper, we adopt Ji et al.'s technique, improve its computational efficiency, and evaluate it prospectively during neurosurgery by presenting results from 32 cases where the FLR was performed intraoperatively and immediately after craniotomy. To assess the accuracy of our method, we chose patients undergoing open cranial procedures with intraoperative image guidance based on FBR, and compared the standard FRE from FBR with FDE. We also quantified accuracy by independently locating internal targets that were present and identifiable in both MR and US images, and compared the TRE between FBR and our FLR technique.
methods surgical cases and procedure
Thirty-two patients were evaluated intraoperatively at Dartmouth-Hitchcock Medical Center under a study protocol approved by the Institutional Review Board at Dartmouth. Informed consent was obtained from patients. Patient-recruitment criteria included: 1) the subject was scheduled for an open cranial procedure with FBR image guidance; 2) T1-weighted MR head scans with fiducial markers attached were available prior to surgery and used for FBR on a commercial navigation system; and 3) the planned craniotomy size was larger than or comparable in size with the 3DUS scan-head tip (dimension 2.5 × 1.5 cm) so that the scan head could be held in firm contact with the dura mater to ensure image quality. Table 1 lists patients' age and sex, location and size of craniotomy, and type of lesion.
Prior to surgery, T1-weighted MR (with or without contrast enhancement) head scans were acquired (scan size 256 × 256 in-plane pixels, 120-144 slices, voxel size 0.9375 × 0.9375 × 1.5 mm). At the time of surgery, FBR was performed before craniotomy on a commercial navigation system, StealthStation S7 (Medtronic). A 3DUS system, iU22 (Philips Healthcare), with a broadband matrix array transducer (X3-1) was prepared in the OR for image acquisition. An active tracker was rigidly attached to the transducer, calibrated prior to surgery, 11 and connected to the navigation system for optical tracking. After craniotomy but before dural opening, a set of 3DUS volumes was acquired. The acquisition range was set to its widest in the 2 angular directions (-42.9° to 44.4° in q and -36.6° to 36.6° in j, respectively) 18 to cover the maximal brain volume allowed by the scan head, and the depth was set to capture the cortical surface opposite the craniotomy (approximately 15-20 cm).
two-step image registration
A 2-step image registration scheme was applied to find the fiducial-less US-to-MR transformation, the technical details of which have been previously reported 17 and are briefly summarized here.
First, when pMR images became available (typically before the patient was brought into the OR), the brain was segmented with a level-set algorithm 32 to estimate the shape of the cortical surface from the MR scans. To find an approximate initial alignment for subsequent registration, binary MR images were created and down-sampled by a factor of 4 (resulting MR volume size 56 × 56 in-plane pixels, 30-36 slices) to improve computational efficiency. A triangular mesh of the brain surface was subsequently generated based on the down-sampled binary images. Then, immediately after US acquisition, the 3DUS volume was rasterized into a cube (50 × 50 × 50 voxels), and the cortical surface from the 3DUS volume was extracted by thresholding.
A multistart algorithm was executed to estimate the initial alignment between the down-sampled 3DUS and MR without any prior information on the location and/ or orientation of the US scan head in relation to the MR scans. Specifically, 100 nodal positions were randomly sampled from the triangular brain surface mesh to define starting locations for the scan head. The transducer was assumed to point perpendicularly to the brain surface. At each start location, 10 equally spaced orientations (from 0° to 360°) were defined as the initial attitudes of the scan head, leading to a total of 1000 initial starting positions. A sum-of-squared-intensity-difference registration method was then applied to each initial position, and the one that produced the minimum sum-of-squared-intensity-difference (i.e., maximum similarity) was found. The resulting transformation, defined by the alignment between registered 3DUS and MR, was used as the starting position for a subsequent grayscale image registration to refine the alignment. The grayscale MR and 3DUS images were processed to enhance the similarity of their feature appearances (see reference 17 for image processing details), and a mutual information grayscale image registration was applied to refine the alignment between 3DUS and MR volumes, and create the final US-to-MR transformation, MR T US . The patient-to-image transformation was then computed as
where UStracker T US was obtained from tracker calibration prior to surgery, and US tracker T world and patient T world were directly acquired from the tracking system and are transformations from the world coordinates to the tracked ultrasound scan head and the patient, respectively. 
data analysis
As a quantitative assessment of the accuracy of our 3DUS FLR, we first compared the standard FRE from the FBR with the FDE from our approach. Specifically, for each case, a patient-to-image transformation, T FBR ; the locations of the fiducial markers digitized in OR space, q i ; and their counterparts in image space, p i ; were directly obtained from the commercial navigation system where FBR was performed, and FRE (not normally provided on the navigation system) was computed as the root mean square error 12 and similarly, FDE was computed as where T FLR refers to MR T patient , the patient-to-image transformation obtained from the FLR.
As a second accuracy assessment, we compared the TRE of internal features between FBR and FLR. We chose the anterior commissure (AC) and posterior commissure (PC) as true soft-tissue targets because they can be accurately localized in both MR and 3DUS as voxels (points). Specifically, for each patient, when AC and/or PC were identifiable in both MR and 3DUS images, they were located independently by the neurosurgeon (D.W.R.), as shown in Fig. 2 . Because of the difficulties in interpreting raw or rasterized 3DUS image volumes without any prior information on their orientation or location of acquisition, we transformed the 3DUS volume into the MR image space using the FBR transformation to assist the US interpretation, and the 3DUS volume was resampled at the MR voxel locations. However, when identifying the actual targets (i.e., AC and PC), the 3DUS images were shown to the neurosurgeon without the MR overlay. AC and PC were each identified independently as voxels having coordinates p(x,y,z) in the US image volume and q(x,y,z) in the MR image volume.
TRE at the target (i.e., AC and PC) was computed as 8 and overall TRE was found as
where T represents the US-to-MR transformation obtained from FBR (T FBR ) or FLR (T FLR ), and N is the total number of targets.
To eliminate the possibility that misalignment between 3DUS and pMR was due to inaccurate US image calibration, we calculated the difference between transformations from FBR and FLR. Specifically, we found the transformation between T FBR and T FLR , decomposed it into 3 translational and 3 rotational (6 degrees of freedom) components, and transformed these elements into US tracker space. If the calibration was inaccurate, a consistent shift and/or rotation would exist in all 32 patients, and the mean value of the 3 translational and 3 rotational components would not be near 0.
results

Fre and Fde evaluation
To quantitatively evaluate the registration accuracy of FLR, we report the FDE and compare these results with FRE (from FBR) for the 32 patients in Fig. 3 . The fiducial-less FDE (mean, red crosses) and fiducial-based FRE (mean, blue empty circles) from each patient case are plotted (left), and the overall FRE and FDE are compared in a boxplot (right). The results show that the overall fiducialless FDE (6.42 ± 2.05 mm) is significantly larger than the fiducial-based FRE (3.42 ± 1.37 mm). Only 1 patient (Case 11) showed a FDE lower than FRE.
Although the overall FDE is higher than the FRE, the FLR results are visually more accurate when overlaying the 3DUS with MR. For example, Fig. 4 shows an overlay of MR (red) and US (green) from Cases 1, 16, and 24 (the same cases in Fig. 1 ) using FLR (upper) and FBR (lower), respectively. As indicated in the figure, internal features such as ventricles and tumor boundaries (see white arrows) are accurately aligned using FLR, whereas FBR exhibits misalignment that is visually evident.
tre evaluation
As a second accuracy assessment, we report the TRE of AC and PC for all 32 patients and compare TREs obtained from FLR and FBR in Fig. 5 . Due to significant brain deformation caused by lesion and intracranial pressure, the AC was not identifiable in the US or MR in Cases 4, 10, 18, 19, 29, and 32, and the PC was not identifiable in Cases 14, 29, and 32. These data are not included in Fig. 5 .
The results show that the TREs of FLR at AC (2.62 ± 1.11 mm), PC (2.38 ± 1.15 mm), and the overall TRE (2.51 ± 0.93 mm) are significantly lower than those of FBR (5.54 ± 1.92 mm, 5.41 ± 1.93 mm, and 5.48 ± 1.81 mm for AC, PC, and overall TRE, respectively). The overall TRE of FLR was also lower than that of FBR in every case.
We report the difference between transformations from FBR and FLR to show that the US image calibration error was minimal in this study. Our results produced an average near 0 in all 6 degrees of freedom (-0.17 ± 2.54 mm, 0.14 ± 2.90 mm, and 0.28 ± 2.86 mm in translational directions, and 0.39° ± 2.16°, -0.13° ± 2.36°, 0.62° ± 1.55° in rotational directions, respectively), indicating that a consistent calibration error did not exist. In addition, we purposely acquired other 3DUS images with different view angles at the time of acquisition, overlaid those images with pMR using T FLR , and visually assessed the alignment. Figure 6 shows an example from the patient in Case 1, where image A was used for registration to obtain T FLR and images B and C were acquired with different scanhead positions (from the same craniotomy) immediately after acquisition of image A. All 3 images were overlaid with pMR using the same transformation. Although the image quality appears to vary slightly between acquisitions, features are well aligned (e.g., see white arrows) in all 3 cases, indicating that the influence of US image calibration and acquisition/tracking errors was minimal.
Computational Efficiency
The computational efficiency was evaluated on a Linux computer (2.33 GHz, 16G RAM) in MATLAB (MAT-LAB R2012b, MathWorks). Segmentation was performed prior to craniotomy, usually as soon as the pMR images became available. The automatic level-set segmentation was typically finished within 2 minutes to provide an outer shape of the cortical surface that was sufficiently accurate for binary registration. Parallel computing was used for the binary registration step, where 1000 multistart registrations were sent to 248 CPUs, and the total computational time was typically 2-3 minutes. The mutual information grayscale image registration was typically finished within 2 minutes using 12 CPUs, but the actual computational cost depended on the initial alignment (i.e., the results from binary registration) and ranged from 1 to 4 minutes. Thus, the total computational time to complete a US-to-MR FLR (which required minimal user interaction) was typically less than 5 minutes after the 3DUS image became available.
discussion
In this study, we applied FLR intraoperatively during 32 open cranial surgeries to find a transformation between physical space in the OR and image space defined by preoperative MR. Our technique established a patient registration with an FRE equivalent to that of FBR and a TRE superior to that of FBR without using fiducial markers. Hence, our technique can be executed more efficiently and cost-effectively in terms of the personnel and time involved to complete the patient-registration procedure (less than 10 minutes for FLR or less than what is commonly taken by FBR).
We evaluated the performance of FLR in terms of accuracy and efficiency. We quantified FLR accuracy first by measuring its FDE compared with FRE from FBR performed on a commercial navigation system. Although the more extensive results presented here differ from earlier findings that showed no significant difference between FDE and FRE, we found that the internal features registered by FLR in the 3DUS matched better visually with pMR than those from FBR. Not surprisingly, FRE was lower than FDE because FBR is explicitly designed to minimize distances between fiducial markers and their appearance in image space. However, clinically, these markers may shift from their original positions (when pMR was acquired), e.g., in lateral and/or normal directions, due to skin movement when a stylus probe is placed in contact with the skin to digitize them. Algorithms that minimize FRE typically do not account for such errors. As a result, the accuracy of image guidance with FBR may not be well represented by FRE, and probably decreases further when the surgical target is deeper in the brain and far away from the surface fiducial markers. In fact, in all 32 patients we observed visually identifiable misalignment between 3DUS and pMR (e.g., Fig. 4 ) from FBR, whereas the features were well aligned by FLR.
To assess accuracy within the brain, we chose 2 softtissue targets and compared FLR with FBR. The results show that FLR is significantly more accurate than FBR in terms of TRE. Although anatomical structures have been used for TRE assessment in the literature, we picked the AC and PC because they are features deep in the brain, and can be identified and located in US and MR independently and accurately as homologous points, whereas other types of targets may introduce additional errors in the accuracy assessment. For example, features such as ventricles and falx require segmentation in both MR and 3DUS, and involve additional algorithms such as iterative closest point distance to calculate distances between objects.
Existing patient registration techniques, including FBR and SBR, typically provide a TRE of approximately 3-4 mm and ≥ 5 mm, 22 according to the literature. The increase in registration accuracy in terms of TRE from 5.48 mm (FBR) to 2.51 mm (FLR) is significant in intracranial neurosurgical procedures. The accuracy of image guidance is directly related to the resulting surgical outcomes, and ultimately to patient survival. 1, 20 For example, in a meta-analysis of 416 patients with glioblastoma multiforme, 20 a significant survival advantage was associated with resection of ≥ 98% of tumor volume. Single-institution data support the premise that intraoperative image guidance increases the completeness of resection, although the impact on survival that is directly attributable to the availability of image guidance is less certain. 4, 31 The increase in TRE accuracy is also of significant value when certain functions of the brain are involved in or near the surgical site. The accuracy of image guidance often degrades over time during surgery due to brain shift. Various techniques have been developed to account for the brain deformation resulting from surgical events such as dural opening, resection, and retraction. 3, 5, 7, 10, 14, 15, 21, [25] [26] [27] Nevertheless, all of these compensation methods depend on an initial alignment achieved by patient registration; hence, the registration accuracy attained later in a case is directly influenced by the accuracy of the initial patient registration.
Our FLR technique provides significant time and cost advantages over FBR. First, preoperative MR sequences with markers attached are not required immediately prior to surgery, because diagnostic MR scans previously acquired (which are typically available) can be directly used for FLR. Hence no additional personnel and expertise are needed to attach the fiducial markers and acquire MR scans, resulting in significant time (up to 1 hour) and cost efficiencies (i.e., fewer MR scans). Instead, a 3DUS system is used to obtain real-time images with acquisition times and costs that are significantly less than MR scans. At the time of surgery, FBR requires personnel and expertise to identify the markers with a digitizing stylus in the OR. Depending on the navigation platform, fiducial markers in the MR images may need to be identified manually and multiple repetitions may be required to achieve an acceptable registration accuracy, further increasing the time involved. In comparison, the total time involved for FLR was less than 10 minutes, and about half of this time was associated with the automated computational processing of the image data. Specifically, after craniotomy, 3DUS acquisition introduced minimal interruption to surgical flow and was usually finished within 5 minutes, including the time for draping the scan head, manipulating the scan head, and fine-tuning acquisition parameters to ensure US image quality. The total computational time to complete a US-to-MR FLR, including the multistart binary registration (approximately 2-3 min) and a second grayscale registration (approximately 2 min), was typically less than 4-5 minutes. These computations do not directly alter or influence surgical flow, as the algorithms are completely automatic and the process requires minimal user interaction and can be executed while the surgeon is opening the dura. Thus, the overall efficiency of FLR in the OR exceeds FBR, and the approach certainly requires less labor and fewer personnel.
The registration algorithms to align 3DUS and MR images were implemented in the Insight Segmentation and Registration Toolkit, which is an open-source platform and is free of cost. Other image-processing work was implemented in MATLAB, for which the cost varies depending on licensing (ranging from free to approximately $2000). However, these tasks can be implemented in C or other programming languages and packaged for clinical settings. Hence, the overall effort and resources required to implement FLR in the OR are very favorable. In principle, no barriers exist to incorporating the approach within a commercially available navigation platform such as the StealthStation.
Surface-based registration (SBR) is another patient registration technique that does not require fiducials and has been developed and implemented in some commercial navigation platforms. SBR matches digitized curvature of the head with its counterpart in the image scans instead of fiducial markers, with either a continuously tracked stylus probe 9, 13 or laser range scanning. 28 Similar to FLR, SBR does not require additional preoperative MR scans with fiducials, and is especially valuable when fiducial markers are not available (e.g., in emergency cases). However, similar to FBR, SBR matches the exterior features and thus is prone to errors from skin movement or variability in probe contact and/or patient position. Compared with SBR, FLR provides similar time savings and cost advantages but minimizes misalignment of internal features, hence improving TRE in areas of the brain that are often of the highest surgical interest.
In this study, we evaluated FLR prospectively in 32 cases with craniotomies in different locations. These included the frontal, temporal, parietal, and occipital lobes, indicating the robustness of the approach. We showed that FLR does not depend on craniotomy location per se, because image features are used for registration and are generally visible in the 3DUS regardless of craniotomy location (although a craniotomy size large enough to accommodate the US scan head is required). Coincidently, no posterior fossa surgical cases occurred in the enrollment group; this location was not an exclusion criterion. The feasibility of FLR is expected to be the same in the posterior fossa as long as image features are visible in 3DUS. We also did not limit the FLR search range (i.e., specify the initial starting position for the binary registration). Three cases involving different regions of interest were chosen for illustration purposes (Figs. 1 and 4) . A total of 100 starting positions were randomly sampled around the cortical surface, each with 10 rotation angles, resulting in the completion of 1000 binary registrations in a total computational cost of 2-3 minutes. In future applications, the efficiency of the FLR technique evaluated in this study could be improved by limiting the search range (i.e., number of starting positions) of the multistart binary registration. For example, the brain could be divided into zones that represent different lobes, and the search range could be limited to the lobe of interest. As a result, the computational time could be decreased by an additional 1-2 minutes to improve the time efficiency of FLR even further.
Because the binary registration relies on the segmented cortical surface for image features, 3DUS was acquired with the widest angular settings and appropriate depth to obtain maximum cortical surface on the side opposite to the craniotomy. In addition, the surgeon manipulated the scan head to cover the maximum brain volume in order to capture sufficient features for the binary and grayscale registrations. Alternatively, multiple scans could be acquired and combined to form a larger brain volume, 16 which may further improve the efficiency and robustness of our approach.
In this study, we used a commercial navigation system, StealthStation S7 (Medtronic), for optical tracking. We compared the performance of FLR with that of FBR performed on the StealthStation. However, our FLR approach does not depend on the navigation platform. Indeed, in the prior study by Ji et al., a customized optical tracking system, Polaris (The Northern Digital Inc.), was used instead of a StealthStation.
Some limitations are evident in the FLR method evaluated here. First, a 3DUS image needs to be acquired before the dura is opened to minimize the influence of brain shift. After dural opening, nonrigid brain deformation ≥ 1 cm 29 can occur, both on the cortical surface and deep in the brain. Therefore, a direct rigid registration between 3DUS and pMR may no longer be accurate, whereas a direct nonrigid registration between 3DUS and MR that can compensate for brain deformation is likely to be challenging to implement because of the different imaging modalities.
Second, the technique is designed to directly register 3DUS with T1-weighted MR images, but not other image sequences or modalities. The parameters in the technique described in this study, including for segmentation and image processing, were optimized to enhance common features between 3DUS and T1-weighted MR images. However, the registration algorithms, including both binary and grayscale registrations, do not depend on the imaging modality per se. Therefore, with necessary changes in segmentation and image processing, our technique could potentially be applied to image data from CT scans (or other MR sequences) where internal features are visible.
Third, a craniotomy of a size larger than the tip of the 3DUS scan head is required to ensure image-acquisition quality. In this study, we used a transducer with a tip size of 2.5 × 1.5 cm, and patient recruitment was limited by the intended craniotomy size. As a result, this FLR method is not possible in neurosurgical procedures such as biopsy through a bur hole (at least with the transducer head used in this study). In addition, at this point, a customized patient registration could not be uploaded to the commercial navigation platform (i.e., StealthStation S7), and patient registration achieved via the navigation platform could not be modified. In this study, we displayed FLR views through a customized graphical user interface on another workstation that mimicked the StealthStation. This required additional software (StealthLink, Medtronic) to retrieve real-time tracking information on the instruments used in surgery from the StealthStation. However, all technical procedures and software described in this study could be integrated into a single navigation platform in the future. While the limitations summarized here may preclude the FLR technique from broad clinical application under its current implementation, we have shown that it provides improved TRE with cost and time efficiencies over FBR, suggesting its potential for use in image-guided neurosurgical procedures in the future.
conclusions
We have developed a 3DUS-based FLR to find an accurate patient-to-image transformation for intraoperative image guidance. We applied the approach prospectively during 32 clinical cases in the OR, all of which were successfully registered intraoperatively and immediately after craniotomy. In addition to visual validation, we quantified the accuracy of our approach by comparing the FDE with the FRE from FBR and chose AC and PC as targets to assess TRE. Our results show that although the overall FDE (6.42 ± 2.05 mm) is higher than the FRE from FBR (3.42 ± 1.37 mm), the average TRE (2.51 ± 0.93 mm) was lower than that of FBR (5.48 ± 1.81 mm). The computational cost was approximately 4-5 minutes using parallel computing. All computations were executed with minimal user interaction while the surgeon was opening the dura. Hence, the procedure did not interrupt surgical flow. The overall efficiency in terms of the time and personnel involved is improved relative to FBR in the OR, and the method does not require additional image scans prior to surgery. These results suggest the potential for intraoperative FLR in neurosurgical procedures.
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